Abstract: Transient responses of high-Q nano-optomechanical modes are characterized with Interleaved-ASOPS, where pump-induced transients are interrogated with multiple probe pulses. Temporal resolution increases linearly with probe-pulse-number beyond conventional ASOPS, achieving sub-ps resolution over μs durations.
Introduction
Nano-optomechanical systems (NOMS) with high-Q GHz frequency phonon modes can enable the exploration of fundamental light-matter interactions and the development of new classes of information processing devices [1, 2] . A complete characterization of the associated optomechanical phenomena of these modes, however, requires high temporal resolution (sub-ps) over long durations (ns-μs). Asynchronous Optical Sampling (ASOPS) could potentially be employed to solve this issue by producing time-domain pulsed phonon responses excited by optomechanical forces. In conventional ASOPS (Fig 1a) , the repetition rate of pulsed pump (f pump ) and probe (f probe ) lasers are detuned by an offset frequency (f offset ) such that the time delay between consecutive pulses is ramped linearly from zero to the repetition rate of the pump in increments of the difference in repetition periods (Δ=1/f pump -1/f probe ). This generates a waveform (on the probe) periodic with the beat period, eliminating the need for the moving mirrors used in typical scanning optical delay setups.
Conventional ASOPS, however, suffers limitations due to the use of a single probe pulse for each pump pulse. For cases where pump pulses induce long transients, long repetition periods are needed to avoid parametric pumping and most of the ASOPS measurement time (i.e. the time between consecutive probe pulses) is spent waiting for the transients to decay. Additionally, in order to maintain a measurable level of probe power, the probe energy necessarily must increase, which can result in probe-induced effects that obscure the pure pump response. These limitations in ASOPS have typically necessitated the use of ~100MHz repetition frequencies or ~10ns scan durations. In the context of optomechanics, this places a considerable limitation on the characterization of high-Q optomechanical modes, which have lifetimes in the μs range. 
Interleaved Asynchronous Optical Sampling (I-ASOPS)
To overcome the limitations of standard ASOPS, we propose an interleaved ASOPS (I-ASOPS) (Fig 1b) approach where multiple probe pulses are launched for each pump pulse with a chosen probe repetition frequency of an integer multiple (N) of the pump frequency plus the offset frequency (i.e. f probe = Nf pump + f offset ). This increases the temporal resolution by a factor of N as compared to the conventional case, where f probe =f pump + f offset .
As shown in Fig 1b, I -ASOPS can be considered as N independent sub-ASOPS measurements taken simultaneously at different phases of the pump. For each group of N probe pulses, the m th pulse corresponds to a pulse in the m th sub-ASOPS trace. For example, the 1 st sub-ASOPS trace begins with the first probe pulse in the sequence overlapping with the pump, and each subsequent probe pulse in the sub-trace (in multiples of N from the first) is increased in delay by Δ from the previous (see Fig 1b) . The N-1 pulses adjacent to the 1 st pulse of the 1 st sub-ASOPS, each associated with a different sub-ASOPS trace, however, do not correspond sequentially to the next a) b)
ASOPS: Time resolution is Δ. temporal optical samples because of a delay of (m-1)/f probe for the m th ASOPS trace. In order to reconstruct the correct optical trace, the set of points comprising the m th sub-ASOPS need to be circularly shifted in place m-1 times in order to achieve the proper temporal ordering. The circular shift for each set is done independently of the others so that the time coordinates that the sub-ASOPS traces occupy are not changed, only the order of samples. Fig 2 shows simulated and reordered I-ASOPS data where f pump = 8MHz, N=10, f offset = 10kHz, and f probe = 80MHz -f offset . 
I-ASOPS:

Experimental Evaluation
In order to evaluate the I-ASOPS concept, we have constructed an experimental apparatus (Fig 3a) consisting of two fs-fiber lasers with a pulse picker on the pump. The pump and probe are directed into an optical fiber or a NOMS device and the phase induced by the pump onto the probe is measured in a Mach-Zehnder (MZ) interferometer and digitized with a high speed DAQ (f pump = 8MHz, f probe = 80MHz, f offset = 1kHz). Fig 3b shows the cross phase modulation when an optical fiber is used. Ideally, the signal should have a Gaussian shape (i.e. the pulse intensity cross correlation) and be flat everywhere; however, the presence of artifacts is apparent and results from aliasing in time due to the transient response of the detection system. The pre-reordered data set is essentially convolved with the detection impulse response, causing aliasing in time when the data set is reordered. Artifacts in the reordered data arise because probe pulses corresponding to small delays and thus large values are followed by sets of points with larger delays and negligible values. The impulse response of the detection spreads the large value into the neighboring points, causing artifacts at large delays (prominently at N coordinates of the measurement period) when the data is reordered. In our system these artifacts arise from the 100MHz bandwidth of the DAQ card employed; simulations indicate that these artifacts vanish for a DAQ with an analog bandwidth >500MHz. In addition, Fig 3c shows the I-ASOPS trace of the NOMS devices described in Fig 1a and in [2] , and show an optical kerr effect, free electron absorption, and phonon transient. The phonon resonance was confirmed by conventional ASOPS. As mentioned above, the indicated artifacts should vanish for a faster DAQ. These results demonstrate sub-ps resolution over 125ns duration.
In conclusion, the above results demonstrate the core capabilities of the I-ASOPS concept. Because f probe is 10 times larger than f pump , we have achieved 10-times the temporal resolution as compared to conventional ASOPS for the same number of averages. This performance can easily be extended with our system by a factor of 100 (f probe ≈80MHz,and f pump =800kHz), allowing up to 1.3μs scan times with sub-ps resolution. We will use the constructed system to generate time domain traces of high-Q phonon resonances and associated phenomena, which will demonstrate that I-ASOPS is a well-adapted and powerful new technique for time-domain ultrafast spectroscopy in nano-optomechanics.
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